CD40L is excessively produced in both human and murine lupus and plays a role in lupus pathogenesis. To address how excess CD40L induces autoantibody production, we crossed CD40L-transgenic mice with the anti-DNA H-chain transgenic mouse lines 3H9 and 56R, well-characterized models for studying B-cell tolerance to nuclear antigens. Excess CD40L did not induce autoantibody production in 3H9 mice in which anergy maintains self-tolerance, nor did it perturb central tolerance, including deletion and receptor editing, of anti-DNA B cells in 56R mice. In contrast, CD40L/ 56R mice restored a large number of marginal zone (MZ) B cells reactive to Sm/ribonucleoprotein (RNP) and produced autoantibody, whereas these B cells were deleted by apoptosis in MZ of 56R mice. Thus, excess CD40L efficiently blocked tolerance of Sm/RNP-reactive MZ B cells, leading to production of anti-Sm/RNP antibody implicated in the pathogenesis of lupus. These results suggest that self-reactive B cells such as anti-Sm/RNP B cells, which somehow escape tolerance in the bone marrow and migrate to MZ, are tolerized by apoptotic deletion in MZ and that a break in this tolerance may play a role in the pathogenesis of lupus.
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peripheral tolerance | lupus-related autoantibody | marginal zone B cells M aintenance of B-cell tolerance occurs at various checkpoints throughout B-cell development and maturation and involves multiple mechanisms. Self-reactive immature B cells are subjected to central tolerance mechanisms in the bone marrow, including deletion by apoptosis (clonal deletion), functional inactivation (clonal anergy), or Ig V gene replacement (receptor editing) (1) (2) (3) (4) . B-cell tolerance can also occur after B cells leave the bone marrow and home to peripheral lymphoid organs. This peripheral tolerance involves mechanisms such as anergy, ignorance, and maturation arrest (5) (6) (7) . Moreover, how tolerance is maintained in self-reactive B cells, which are anergized in bone marrow and migrate to the peripheral lymphoid tissues, has been extensively studied. These B cells are excluded from the follicle or marginal zone (MZ) and show reduced longevity (2, (8) (9) (10) attributable to increased dependence on B cell-activating factor belonging to the tumor necrosis factor family (BAFF) for survival (11, 12) . However, it is not fully understood how peripheral tolerance mechanisms are broken in autoimmunity.
B-cell self-tolerance has been addressed using antibodytransgenic (Tg) mice in which most of the B cells are reactive to a particular self-antigen. The anti-DNA H-chain Tg mice 3H9 and 56R are well-characterized models for studying B-cell tolerance to nuclear antigens (1, 10, (13) (14) (15) (16) , to which autoantibodies are characteristically produced in various autoimmune diseases including systemic lupus erythematosus (SLE). The 56R H chain was generated by introducing an arginine residue to the 3H9 VH region to increase affinity of the transgene-encoded antibodies for DNA. When paired with almost any of the mouse endogenous Ig L chains, both the 3H9 and the 56R H chains form antibodies that bind DNA. In these mice, DNA-reactive B cells are regulated by one or more of several central tolerance mechanisms including deletion, receptor editing, and anergy.
High-avidity anti-DNA B cells produced in 56R Tg mice are tolerized by central deletion and receptor editing (13, 14, 17) , whereas, low-avidity anti-DNA B cells produced in 3H9 Tg mice are either arrested developmentally or rendered anergic (10) .
CD40L (CD154), the ligand for CD40, is excessively produced in patients with SLE and in mouse models of SLE (18) and appears to play a role in the development of the autoimmune disease because treatment with blocking antibodies to CD40L markedly reduced the disease activity in both mouse and human SLE (18) . Previously, we demonstrated that CD40L Tg mice in which excess CD40 signaling is generated in B cells through an autocrine pathway (19) by constitutive CD40L expression in B cells spontaneously develop lupus-like disease (20) , as is the case for CD40L Tg mice that overexpress CD40L in T cells (21) . To address the impact of excess CD40 signaling on B-cell tolerance to nuclear antigens, we crossed CD40L Tg mice with 3H9 Tg mice and with 56R Tg mice. Here, we demonstrate that CD40 signaling specifically breaks tolerance of 56R B cells reactive to RNA-related antigens implicated in pathogenesis of lupus (22, 23) . These B cells appear in the MZ in the spleen, undergo apoptosis, and are rapidly cleared by phagocytes. Excess CD40L blocks the MZ deletion, leading to generation of self-reactive MZ B cells and autoantibody production. Our finding strongly suggests that deletion of self-reactive MZ B cells serves a crucial function in self-tolerance and implicates abrogation of this deletion in the pathogenesis of SLE.
Results

CD40
Signaling Induces Autoantibody Production in 56R Mice. To address how CD40 signaling perturbs B-cell tolerance, we crossed CD40L Tg mice with each of the anti-DNA μH-chain Tg mice 3H9 and 56R. When we measured the concentrations of IgM anti-DNA antibodies in sera from 8-to 15-wk-old F1 mice, anti-DNA antibodies were not detected in the F1 mice carrying either 3H9 or 56R alone (Fig. 1A) , in agreement with previous findings (14, 15) . F1 mice expressing both 3H9 and CD40L did not produce detectable anti-DNA antibodies, indicating that B-cell tolerance is maintained in 3H9 mice despite excess CD40L expression. In contrast, F1 mice expressing both 56R and CD40L showed marked anti-DNA antibody production. The mean total serum IgM concentration in the double Tg mice was comparable to the mean in WT mice, indicating that this autoantibody production is likely the result of abrogated B-cell tolerance and not of a generalized polyclonal B-cell activation.
Flow cytometric analysis of bone marrow lymphoid cells demonstrated a marked reduction of immature B cells in 56R mice compared with WT (Fig. 1B) as described previously (13) . The percentage of immature B cells in CD40L/56R bone marrow was similar to that in 56R mice, suggesting that self-reactive B cells are deleted at the immature B-cell stage in CD40L/56R mice as effectively as in the 56R mice. The percentage of mature recirculating B cells was increased in CD40L/56R mice compared with 56R mice probably because of increase in the number of mature B cells in the peripheral lymphoid organs such as spleen. Thus, the perturbation of B-cell tolerance in CD40L/56R occurs despite intact clonal deletion at the immature B-cell stage.
CD40 Signaling Perturbs Self-Tolerance of Vκ38C + anti-Sm/ Ribonucleoprotein Antibody-Producing Cells in 56R Mice. To address how CD40L perturbs self-tolerance in 56R mice, we generated hybridoma panels from LPS-stimulated spleen cells obtained from 56R and CD40L/56R mice. We first assayed for presence of the 56R H-chain gene by PCR and found that 60% of 56R hybridomas retained the 56R H-chain gene, in agreement with the previous finding in 56R mice (14) . In contrast, the 56R H chain gene was retained in 82% of double Tg hybridomas, suggesting less stringent B-cell selection in double Tg mice. We then analyzed 56R H-chain + hybridomas for anti-DNA antibody production by ELISA. The percentage of anti-DNA antibodyproducing hybridomas was much higher in the CD40L/56R hybridoma panel than in the 56R panel, especially in those from 33-wk-old mice ( Fig. 2A) , in agreement with spontaneous autoantibody production in CD40L/56R mice (Fig. 1A) .
Next, we analyzed use of κ and λ L chains by ELISA and Vκ gene segment use by PCR in the 56R and CD40L/56R hybridoma panels. It was previously demonstrated that B cells in 56R mice use only a restricted set of Vκ segments called editors such as Vκ20, Vκ21D and Vκ38C (17) . In the hybridoma panel from 56R mice, roughly 70% of the hybridomas used the Vκ21D gene segment, whereas Vκ38C was used in only 5% of hybridomas ( Fig. 2A and Table S1 ), in agreement with the previous findings (17) . In contrast, 13% of CD40L/56R hybridomas from the 8-wkold mouse fusion expressed Vκ38C, and this fraction increased to 33% in the 33-wk-old mouse fusion. Vκ38C + but not Vκ21D + hybridomas showed reactivity to DNA, and 60% of the DNAreactive hybridomas from CD40L/56R mice used Vκ38C, suggesting that Vκ38C + hybridomas are responsible for increased self-reactivity of the CD40L/56R hybridoma panel. (8) 3H9 (9) WT (5) CD40L ( (8) 3H9 (9) WT (5) CD40L (8) 10 0 Table S1 . Antibodies (3 μg/mL) from hybridoma supernatants using the indicated Vκ and Vλ gene segments obtained from 8-wk-old mice were assayed by ELISA for reactivity to dsDNA, ssDNA, histone, and Sm/RNP (B). Dots represent individual hybridomas. Numbers of hybridomas that were analyzed are indicated in parentheses. Out of 52 Vκ21D + hybridomas, 44 hybridomas that do not react to any of these antigens are not shown. R462 is shown by red dots. Supernatant from the Vκ38C + hybridoma D627 derived from CD40L/56R mice was examined for ANA staining pattern (C). (D) Anti-Sm/RNP antibody production was examined in sera from 16-to 24-wk-old WT (C57BL/6 × BALB/c) F1, 56R, CD40L, and CD40L/56R mice by ELISA. The antibody titer was determined relative to a standard curve generated from pooled MRL/lpr sera. The numbers in parentheses indicate the numbers of mice that were analyzed.
To characterize the Vκ38C + hybridomas, we measured reactivity of antibodies from the hybridoma supernatants that contain more than 3 μg/mL IgM from 8-wk-old 56R and CD40L/ 56R mice to DNA-and RNA-related antigens. One hybridoma antibody (R462) that uses a yet unknown Vκ shows a strong reactivity to both DNA and histone (Fig. 2B ). Reactivities to these antigens were weaker in most of the Vκ38C + hybridomas, suggesting that Vκ38C + hybridomas secrete low affinity anti-DNA antibody. Because antibodies to RNA-related antigens are involved in development of lupus (22, 23) , we tested hybridoma supernatants for reactivity to Sm/ ribonucleoprotein (RNP). Surprisingly, antibodies from Vκ38C + clones reacted to Sm/RNP more strongly than those using any other V L . Accordingly, the Vκ38C + antibody D627 stained cell nuclei in a speckled pattern (Fig. 2C) characteristic of autoantibodies to RNA-related antigens but not in the homogenous pattern characteristic of anti-DNA antibody. We tested four other Vκ38C
+ hybridoma supernatants and all showed the same anti-nuclear antibody (ANA) staining pattern (Fig. S1A) . Moreover, ELISA using components of Sm/RNP demonstrated that Vκ38C + antibodies strongly react to the glycine-arginine-rich C-terminal part (residues 83-119) of SmD1 (Fig. S2) , the major epitope recognized by anti-Sm antibodies from SLE patients (24, 25) . Thus, Vκ38C + antibodies show antigen specificity similar to anti-Sm antibodies in SLE, although 56R/Vκ38C
+ are potentially reactive to other self-antigens (26) .
We then examined Jκ gene segment use in hybridoma panels from 8-wk and 33-wk-old 56R and CD40L/56R mice. Although Jκ1 is the predominant Jκ used in the normal B-cell repertoire, hybridomas from 56R mice were shown to use distal Jκs at higher than normal frequency as a result of receptor editing (1, 4). When we analyzed our hybridoma panels, hybridomas from the CD40L/ 56R fusion demonstrated a Jκ use distribution similar to the 56R fusion (Table 1) . Vκ21D-expressing hybridomas used mostly Jκ2, and those expressing other Vκs used mostly Jκ4 and Jκ5 regardless of whether the hybridomas were generated from 56R or CD40L/56R mice. Thus, hybridomas from CD40L/56R mice used distal Jκs, as is the case for 56R hybridomas, suggesting that receptor editing is not perturbed in CD40L/56R mice.
Vκ38C
+ Sm/RNP-Reactive B Cells Are Negatively Selected in Spleen.
To address how CD40 signaling perturbs tolerance of Sm/RNPreactive B cells, we generated monoclonal anti-idiotype antibodies to recognize each of the L chain Vκs Vκ38C or Vκ21D when paired with the 56R H chain (Table S2 ) and examined Vκ21D + and Vκ38C + B cells in spleen from 16-to 20-wk-old 56R and CD40L/56R mice. Flow cytometric analysis revealed that the number of marginal zone (MZ) B cells was increased and that of follicular (FO) B cells was decreased in 56R spleen compared with WT spleen (Fig. 3A) , in agreement with previous findings (27, 28) . The number of MZ B cells in CD40L/56R spleen was comparable to that in 56R spleen, whereas the number of FO B cells was increased to the normal level in CD40L/56R spleen, in agreement with our previous finding that the number of FO B cells but not MZ B cells is increased in CD40L-Tg mice (19) (Fig. 3B) (Fig. 3C) . Whereas only a few Vκ38C + B cells were found in 56R spleen, CD40L/56R spleen showed a large number of Vκ38C + B cells mostly located in MZ, again supporting the notion that excess CD40L perturbs deletion of Vκ38C + B cells in 56R mice. In contrast, only a small number of Vκ38C + cells and/or Vκ21D + cells were found in other lymphoid organs such as lymph nodes, Peyer patches and peritoneal cells in 56R and CD40L/56R mice by both flow cytometric (Fig. S3A ) and immunohistological analysis (Fig. S3B) probably because of the lack of T2 and MZ B cells in these organs.
Apoptosis of Sm/RNP-Reactive MZ B Cells in 56R Mice. As CD40 signaling blocks B-cell apoptosis (29, 30) , excess CD40L may reverse apoptosis of anti-Sm/RNP B cells in CD40L/56R mice. However, staining of 56R spleen sections from untreated 56R mice with anti-active caspase 3 did not show many apoptotic cells (Fig. 4 A and B, second row) . We, thus, hypothesized that anti-Sm/ RNP B cells undergo apoptosis but must be rapidly removed by macrophages such as MZ macrophages. To address this possibility, we depleted macrophages in 56R mice by treatment with clodronate liposome (31) . We used 56R mice on the BALB/c background because the basal level of Vκ38C + B cells is low in these mice compared with those on the (BALB/c × C57BL/6) F1 background (32) . By this treatment, MOMA-1 + marginal metallophilic macrophages were efficiently depleted (Fig. 4B, fourth row) , and a large number of Vκ38C + B cells appeared in the spleen MZ (Fig. 4 A and B, fourth row) . Moreover, some of these Vκ38C + B cells contained active caspase-3 ( Fig. 4 A and B) ; whereas staining of the same section with anti-human IgG1 antibody (IgG2b, κ), a matched control antibody for anti-Vκ38C did not show any staining (Fig. 4A) . Nonspecific staining of apoptotic cells by anti-Vκ38C antibody was further excluded by staining with anti-λ L chain antibody (Fig. 4B) . In this analysis, λ + B cells did not contain active caspase-3. Apoptotic Vκ38C + B cells were also restored by treatment with the recombinant MFG-E8 D89E protein (Fig. 4 A  and B, third row) , the dominant negative form of MFG-E8 involved in phagocytosis of apoptotic cells (33) . Thus, inhibition of phagocytosis restored apoptotic Vκ38C + B cells in MZ, suggesting that these self-reactive B cells undergo apoptosis and are efficiently phagocytosed in MZ. Moreover, flow cytometry revealed increase of Vκ38C + MZ B cells, but not T2 cells, by treatment with clodronate liposome (Fig. 4C) , suggesting that Vκ38C + B cells are deleted at the MZ B-cell stage.
Discussion
Because the 56R H chain can bind DNA when paired with nearly all known endogenous Ig L chains (17) , 56R H chain Tg mice have been widely used as a model for examining the immunological tolerance of anti-DNA B cells (1, 10, (13) (14) (15) (16) . We demonstrate here that excess CD40L breaks self-tolerance in 56R mice. Hybridoma analysis showed that Vκ38C + B cells are the dominant self-reactive B cells activated in CD40L/56R mice. Thus, in the presence of excess CD40L, tolerance of Vκ38C + B cells is preferentially perturbed whereas the remaining B-cell repertoire is subjected to tolerance. This is consistent with our observation that excess CD40L did not affect either receptor editing or reduction of the immature B-cell population that appears to be a consequence of clonal deletion. Hence, self-reactive B cells other than 56R/Vκ38C + B cells appear to be tolerized, even in the presence (28, 34) and is consistent with the findings that many autoantibody Tg mice show expansion of the MZ B-cell population (27, (35) (36) (37) . Third, 56R/ Vκ38C + B cells are deleted when they mature from T2 cells to MZ B cells, and this deletion is reversed by excess CD40L. Depletion of macrophages restores apoptotic 56R/Vκ38C + MZ B cells, suggesting that 56R/Vκ38C + MZ B cells undergo apoptosis and are removed by macrophages. Thus, a limited fraction of the self-reactive B-cell repertoire, including anti-Sm/RNP B cells, may somehow escape central tolerance, preferentially differentiate into MZ B cells probably because of self-reactivity, and then become tolerized by apoptotic deletion. Excess CD40L appears to specifically perturb this peripheral tolerance mechanism leading to production of anti-Sm/RNP antibody. Why 56R/Vκ38C + self-reactive B cells escape central tolerance and mature to peripheral B cells in 56R mice is not clear. Sm/RNP might be less available than DNA in the bone marrow. Alternatively, Sm/RNP might allow maturation of immature bone marrow B cells by interacting with TLR7, an innate receptor for RNArelated antigens essential for production of anti-Sm antibody (22, 23) , although TLR7 may also regulate activation of anti-Sm/RNP B cells at the later stage of B-cell differentiation (38) . 56R/ Vκ38C + self-reactive B cells preferentially differentiate to MZ B cells probably because of their self-reactivity. Because LPS activates MZ B cells more efficiently than FO B cells (39) , 56R/ Vκ38C + hybridomas could overrepresent in the hybridoma panels generated from LPS-stimulated spleen B cells. However, FO B cells may not contribute to autoantibody production as most of the FO B cells in 56R mice produce endogenous H chains (34) and, therefore, appear non-self-reactive. Thus, 56R/Vκ38C + B cells are the dominant self-reactive B cells in CD40L/56R mice. This conclusion is also supported by the finding that ANA test of sera from CD40L/56R mice show the speckled pattern (Fig. S1B) , which is the same as the ANA pattern of 56R/Vκ38C + antibody. Self-tolerance in the periphery has been demonstrated in lowavidity, anergic, self-reactive B cells using Tg mice such as 3H9 mice and double Tg mice expressing both anti-HEL antibody and soluble HEL antigen (2, (8) (9) (10) . In these mice, low-avidity selfreactive B cells are anergized in the bone marrow and migrate to peripheral lymphoid organs, where anergic B cells are excluded from the follicles and MZ and are located at the red pulp and the boundary between the T-cell zone and the follicle (T/B boundary). These anergic self-reactive B cells undergo apoptosis at the T/B boundary (40) because of increased dependence on BAFF (11, 12) . In contrast, 56R/Vκ38C + B cells are located in the MZ (Fig. 3C ) and are not found at the T/B boundary (Fig. S4) . Thus, 56R/Vκ38C + cells migrate to and undergo apoptosis in a different location than do anergic B cells. Although apoptosis of anergic B cells is detected at the T/B boundary without inhibition of phagocytosis (40) , inhibition of phagocytosis is necessary to detect apoptosis of 56R/Vκ38C + cells in MZ. The MZ is rich in phagocytes, including metallophilic macrophages and MZ macrophages (41) , both of which may immediately phagocytose apoptotic B cells. As a consequence, apoptotic cells are not usually found in the MZ without treatment that inhibits phagocytosis Breakdown of tolerance of anti-Sm B cells appears to be crucial in SLE because its pathogenesis involves antibodies to RNA-related antigens rather than anti-DNA antibodies (23) . Previous studies using anti-Sm antibody-Tg mice demonstrated that tolerance of anti-Sm B cells involves mechanisms such as anergy, developmental arrest, and ignorance (7, 22, 36, 43) . Whether anti-Sm MZ B cells are deleted by apoptosis in these models needs to be addressed. Nonetheless, our results demonstrate that MZ deletion is one of the crucial tolerance mechanisms for anti-Sm/RNP B cells, suggesting that a defect in such might be involved in pathogenesis of lupus. Tolerance of MZ anti-Sm/RNP B cells but not of anergic B cells is fully reversed by excess CD40L. Excess CD40L was shown in human and murine lupus (18) and appears to play a role in pathogenesis (18) , supporting the involvement of the defect in MZ deletion in lupus. Further studies on this tolerance mechanism may elucidate the pathogenesis of autoimmune diseases including SLE, leading to development of new therapies.
Materials and Methods
Standard procedures and methods such as animal handling, flow cytometry, ELISA, and immunohistochemistry, as well as procedures for the generation of anti-idiotype antibodies, are described in SI Materials and Methods.
Hybridoma Analysis. Spleen cells were obtained from 8-and 33-wk-old female 56R and CD40L/56R mice and were stimulated with 2.5 μg/mL LPS (E. coli 0111:B4) (Sigma). LPS-stimulated spleen cells were fused with X63.Ag8.653 myeloma cells and distributed in culture plates under limiting dilution conditions (500-2,500 cells/well). After confirming that the wells contained only one colony under microscopy, we used hybrids for further study. Genomic DNA was extracted, and the presence or absence of 56R H chain gene was determined by PCR (Table S3) (15) . Expression of Ig κ and λ L chain was determined by a sandwich ELISA using goat anti-mouse Ig κ and goat antimouse Ig λ antibody (Southern Biotechnology). Vκ use in 56R H-chain-containing hybrids was analyzed by PCR using primers listed in Table S3 as described previously (15, 17, (44) (45) (46) (47) (48) .
Treatment of Mice with Clodronate Liposomes and MFG-E8 D89E. Clodronate liposomes were prepared as described previously (31) . Details are provided in SI Materials and Methods. The MFG-E8 D89E mutant (a gift from S. Nagata, Kyoto University, Kyoto, Japan) was described previously (33) 
